The indirect identification and quantification of saxitoxin (STX) using other STX analogues by high-performance liquid chromatography with post-column oxidation and fluorescent detection (HPLC-FD) was investigated. Decarbamoylsaxitoxin (dcSTX) among the many STX analogues was selected as an external standard to identify and quantify STX. The retention time of STX in shellfish extracts by HPLC-FD was reproducibly estimated by using the retention time of dcSTX and the separation factor (α) between STX and dcSTX. Almost all of the columns tested to setup the method were useful to identify STX. Because a molar fluorescent coefficient of dcSTX was slightly different from that of STX, a factor used to correct the fluorescent coefficient in STX/dcSTX was determined to be 1.30. The indirect quantification of STX in scallop extracts by using the correction factor agreed to 80 -100% precision with direct quantification using STX as an external standard.
Introduction
Saxitoxin (STX, Fig. 1 ) is a natural toxin with potent neurotoxicity to humans by acting on voltage-gated sodium channels on nerve cells, 1 and can cause death in severe cases. STX and other paralytic shellfish toxins (PSTs) are produced by toxic algae, and are accumulated in shellfish. Contaminations of shellfish with PSTs have become a worldwide public health problem. To prevent human poisoning from PSTs, shellfish have been monitored by the mouse bioassay (MBA) as the official testing method in many countries.
Various instrumental detection methods for STX and PSTs have been developed as an alternative method to MBA. [2] [3] [4] [5] [6] A drawback in the instrumental methods is insufficient availability of STX and PSTs standards for the identification and quantification of toxins. Especially STX is listed as chemical warfare agents in schedule 1 in the chemical weapons convention (CWC), 7 and it is prohibited to produce, stockpile and utilize STX for any purpose. Liquid chromatography-tandem mass spectrometry (LC/MS/MS) is one of the most potentially useful methods for the identification and quantification of STX and PSTs. 2, 6, [8] [9] [10] [11] In terms of the analysis of STX, it is noteworthy that some of the LC/MS/MS methods have quantified STX in shellfish extract and human urine samples by using gonyautoxin 1 10 and 15 N7-isotopically labeled STX, 11 respectively, as an internal standard. Another instrumental method, high-performance liquid chromatography coupled with fluorescent detection (HPLC-FD), 12, 13 has been used in the research field, and the applicability of this method as the official testing method for STX and other STX analogues in shellfish has been demonstrated. Although HPLC-FD methods can identify and quantify individual toxins by chromatographic separation on a column, a series of toxin standards are essentially required in these methods. Almost all of the PST standards are available at least in Japan in our governmental research program; however, STX cannot be produced or provided in Japan due to a Japanese domestic law based on the international treaty in CWC.
In the HPLC-FD method reported by Oshima, 12 STX can be detected together with neosaxitoxin (neoSTX) and decarbamoylsaxitoxin (dcSTX) on the same chromatographic run; 12 therefore, either neoSTX or dcSTX can be a candidate as an external standard for the analysis of STX on the basis of the Oshima method. In our present study, we found that the retention time of neoSTX was relatively unstable compared to dcSTX due to the pH dependence in the dissociation of the N1-hydroxyl group. DcSTX can be simply prepared by chemical conversion from C1/C2 from toxic algae, [14] [15] [16] [17] and it is useful as a calibrant standard owing to its chemical stability. 18 For these reasons, we chose dcSTX as an external standard to identify and quantify STX in shellfish samples. In our present study, a detailed investigation of the identification and quantification of STX on HPLC-FD by using a dcSTX external standard is described. 2014 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. E-mail: tsuzuki@affrc.go.jp
Experimental

Reagents and chemicals
Ion pair chromatograph-grade ion pair reagents, sodium 1-hepatanesulfonate and tetrabutyl ammonium phosphate, were purchased from Tokyo Chemical Industry (Tokyo, Japan) and Sigma-Aldrich Japan (Tokyo, Japan), respectively. Ammonia solution, HPLC-grade acetonitrile (MeCN) and methanol (MeOH) were purchased from Kanto Chemical (Tokyo, Japan). Other reagents (ortho-periodic acid, dipotassium hydrogen phosphate and potassium hydroxide) were purchased from Wako Pure Chemical (Osaka, Japan). C1/C2 and neoSTX used were prepared under the shellfish monitoring standard program in Japan; 19 dcSTX and STX were in-house standards prepared at Tohoku University by the former Prof. Oshima's laboratory.
HPLC-FD
HPLC-FD followed by the method reported by Oshima 12 was performed by using Acquity UPLC H-class (Waters, Milford, MA) equipped with a quaternary solvent manager pump, an autosampler, a column heater (30 C) and a fluorometric detector. A post-column reaction system was comprised of a double plunger pump (SPD-2502 U, Nihon Seimitsu Kagaku, Tokyo, Japan) for the oxidizing reagent and acidifier, and of a dry reaction bath (DB-5, Shimamura Tech, Tokyo, Japan) equipped with a 10-m teflon tube (0.25 mm inner diameter and 1/16 inch outer diameter). Separation was achieved on a Mightysil RP-8 GP (150 × 4.6 mm i.d., 5 μm, Kanto Chemical) connected with a guard column (5 × 4.6 mm i.d., 5 μm, Kanto Chemical). The mobile phase consisted of a 30 mM ammonium phosphate buffer containing 2 mM sodium 1-heptanesulfonate at pH 7.1/MeCN (96/4, v/v). Five microliters of each analyte and reference material were injected into HPLC-FD.
Other analytical conditions were in accordance with those reported by Oshima. 12 Prior to sample injections, the injection needle was washed using MeOH/distilled water (10/90, v/v). Data was acquired with Empower2 TM .
Estimation of the retention time of STX calculated from that of dcSTX
The retention time of STX in a chromatogram can be estimated by the following equation using the retention time of dcSTX and the separation factor, which is also defined as ratio of capacity factor (k′) between two analytes:
(
Here tSTX is the retention time (min) of STX, t0 the void volume (2.75 min) in the HPLC-FD system, α the separation factor and tDC the retention time (min) of dcSTX. These parameters were determined as follows. A mixture standard solution containing neoSTX (2.07 μmol/L), dcSTX (0.57 μmol/L) and STX (0.92 μmol/L) was analyzed in triplicate under the chromatographic conditions reported by Oshima 12 to determine the retention time of each toxin. The void volume (t0) of the HPLC-FD system was determined by using another PST standard, C1/C2, which is not retained on the column under this chromatographic condition.
The separation factor (α) between STX and dcSTX was calculated using
where DC is dcSTX, αSTX/DC the separation factor between STX and dcSTX.
Indirect quantitation of STX using dcSTX as the STX alternatives
The molar fluorescence coefficient of STX in HPLC analysis slightly differs from that of dcSTX. STX can be indirectly quantitated by using the dcSTX calibrant if the ratio of the molar fluorescence coefficient between STX and dcSTX is determined. A mixture of the STX and dcSTX standard solution was analyzed in triplicate under a previously reported condition 12 to investigate the relative molar coefficient ratio between STX and dcSTX. From the data obtained in our present study, a correction factor, 1.30, was determined by the ratio between STX/dcSTX. Therefore, the concentration of STX in a sample can be quantified by using the dcSTX standard solution by the following equation:
where CSTX is the concentration of STX in a sample, PASTX the peak area of STX in the sample, DC is dcSTX, CDC the concentration of dcSTX used as a calibrant standard, VSTD the injection volume (μL) of a standard solution, PADC the peak area of dcSTX as a calibrant standard, m a correction factor (1.30) and VSAM the injection volume (μL) of a sample. 
Extraction of toxins form scallops
Toxins were extracted from scallops Patinopecten yessoensis fed on toxic dinoflagellate Alexandrium tamarense according to the AOAC method 959.08. 20 The extracts were passed through a Sep-pak C18 plus cartridge (Waters) and ultracentrifuged as reported in a previous paper. Figure 2A shows a typical chromatogram of a mixture of a STX, dcSTX, and neoSTX standard solution obtained on a Mightysil RP-8 column with LC conditions reported by Oshima. 12 STX and its two analogues were eluted from the column in order of neoSTX, dcSTX, and STX, as reported in a previous study. 12 In our present study, a mixture of STX, dcSTX, and neoSTX standard solution was analyzed under various chromatographic conditions differing mobile-phase compositions, pH and column temperatures to determine the ratio of the capacity factor (k′) between STX and other STX analogues. Table 1 gives the k′ values of STX analogues obtained under different chromatographic conditions. Table 2 lists the separation factor (α) between STX and other STX analogues obtained on simultaneous chromatographic runs under different conditions. The α was calculated from the ratio of k′ listed in Table 1 . The α between STX and dcSTX obtained under different chromatographic conditions was 1.14 ± 0.03 (2.4% RSD), whereas the α between STX and neoSTX was 1.29 ± 0.26 (12.9% RSD). The α between STX and neoSTX greatly increased with an increase of the pH. Because the dissociation of the N1-hydroxyl group on the neoSTX at higher pH conditions resulted in a weaker retention of the neoSTX (1) is useful to calculate the retention time of STX from that of dcSTX, the tolerance of the α values is of practical importance for applying our present research to analyses of STX in other laboratories. The minimum α value obtained in our present study was 1.10, as shown in Table 2 . This value was also the minimum required value in terms of chromatographic separation between dcSTX and STX. Therefore, 1.10 was set as the minimum α value for calculating the retention time of STX. Although the maximum α value was 1.21, the maximum tolerance α value was set at 1.35 by assuming the application of various HPLC columns. Therefore, it was concluded that the α values with tolerance of between 1.10 and 1.35 with our fundamental chromatographic conditions (30 mM phosphate buffer containing 2 mM sodium 1-heptanesulfonate and 4% MeCN, pH 7.1, column temperature 30 C) ensure a robust identification of STX. It is also noteworthy that the α values with tolerance values of between 1.10 and 1.35 allow us to use the various chromatographic conditions listed in Table 2 for identification of STX.
12
Results and Discussion
Peak identification of STX by the STX alternatives
To confirm the applicability of our method, the α values between STX and dcSTX were obtained on four other different columns (Mightysil RP-18 GP II, Xbridge BEH C8, Unison UK-C8, Zorbax Bonus-RP) under chromatographic conditions. The conditions with 30 mM phosphate buffer containing 2 mM sodium 1-heptanesulfonate and 2 -4% MeCN, pH 7.1, column temperature 30 C were used to obtain α. The α values obtained on a Mightysil RP-18 GP II, an Xbridge BEH C8, a Unison UK-C8 and a Zorbax Bonus-RP with the chromatographic conditions were 1.17, 1.15, 1.22 and 1.32, respectively. These values were within the tolerance values in the identification of STX on a Mightysil RP-8 GP. These results suggest that our method using α between STX and dcSTX with tolerance values 
Indirect quantitation of STX using dcSTX of the STX alternatives
Because the ratio of the molar fluorescence response is applicable as a correction factor for the indirect quantification of STX by using other STX analogues as a calibrant, a mixture of STX, neoSTX and dcSTX standard solutions was analyzed under modified analytical conditions of the mobile-phase composition and post-column reaction system. The results are summarized in Table 3 . The correction factors of STX/dcSTX obtained under different post-column reaction and chromatographic conditions were 1.25 ± 0.02 (1.8% RSD) and 1.39 ± 0.12 (8.8% RSD), respectively. These values were clearly lower that those obtained with neoSTX. Because the large differences in the correction factors obtained between various reaction and chromatographic conditions were not observed, these values were averaged. The averaged correction factor under our fundamental chromatographic conditions was 1.32 ± 0.05 (4.0% RSD), and the factor was set to 1.30.
The linearity of each toxin standard solution differing by the concentrations is shown in Fig. 3 . Each toxin showed a concentration-dependent linearity. Since the slopes in dcSTX and STX were 54 and 69, respectively, the ratio of the slope (STX/dcSTX) was 1.27, which was close to the above correction factor of 1.30, indicating that 1.30 was a proper value as the correction factor.
Indirect quantitation and peak identification of STX in scallop extract
The contents of STX analogues and the mouse toxicities determined by previously reported HPLC-FD 12 are given in Table 4 . The STX contents in the scallops were 3.7 MU/mL shellfish extract and 0.64 μg STX/mL shellfish extract, respectively. These values were about 2-fold those of the regulatory levels of 4 MU/g (2 MU/mL shellfish extract) in Japan and the internationally accepted regulatory level (0.8 mg/kg), respectively. Table 5 gives chromatographic parameters on the identification and quantification of STX in the scallops. Figure 2 shows the HPLC-FD chromatogram obtained from a mixture of standard toxins (A) and from the scallop extract (B) on a Mightysil RP-8 GP. The retention time of STX in the scallop extract identified by an external standard of STX on the Mightysil RP-8 GP was 13.14 min (Table 5) . On the other hand, the retention time of dcSTX obtained by an external standard was 11.81 under this HPLC condition. Therefore, the calculated retention time of STX by the retention time of dcSTX and α with the minimum and maximum tolerance values on the Eq. (1) was 12.72 and 14.98 min, respectively. The retention time of STX (13.14 min) observed in the scallops extract was within the range of the calculated retention time (12.72 -14.98 min). On the other hand, the STX contents in the scallop extracts obtained by indirect quantification with dcSTX in this HPLC condition was 1.43, which was 96.0% of that obtained by the direct quantification of STX in the sample. A good correlation on the retention time of STX and quantification results between direct and our indirect method was obtained on four other columns (Mightysil RP-18 GPII, Xbridge BEH C8, Unison UK-C8, Zorbax Bonus-RP), as shown in Table 5 . These results suggest that our indirect identification and quantification method for STX with an external dcSTX standard is widely applicable to bivalve samples contaminated with STX on various HPLC columns.
Conclusions
We developed an indirect analytical method to identify and quantify STX by using an external dcSTX standard on the HPLC-FD analysis. Chromatographic parameters including the retention time of dcSTX and separation factor (α) between STX and dcSTX with tolerance between 1.10 and 1.35 obtained on a Mightysil RP-8 GP column ensured a robust identification of STX in bivalves under various mobile-phase conditions. The applicability of our method was demonstrated on four other reversed phase HPLC columns (Mightysil RP-18 GP II, Xbridge BEH C8, Unison UK-C8, Zorbax Bonus-RP) with our fundamental chromatographic conditions (30 mM phosphate buffer containing 2 mM sodium 1-heptanesulfonate and 2 -4% MeCN, pH 7.1, column temperature 30 C). Therefore, robust identification of STX without the STX standard could be possible when more than two different HPLC columns, described in the present study, are used. Due to the applicability of our method under several different chromatographic conditions, it was supposed that our method is useful on wide varieties of reversed-phase HPLC columns. However, we strongly recommend that the applicability of our method for the identification of STX on other HPLC columns not described in our present study should be demonstrated by confirming the retention time of STX obtained by the STX standard. We plan to investigate the applicability of our method on several other reversed-phase HPLC columns. These results will be reported elsewhere. 
